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SU4MARY

A simpleequationrelatingwakemomentumthiclmessandsuction-
surfacediffusionratio(ratioofmaximumsurfacevelocitytooutletve-
locity) of conventionallow-speedcascadebladesis derivedfromsimpli-
fiedboundary-layertheoryinconjunctionwithseveralempiricalcon-
stants.An analyticalrektionisthusobtainedthatdescribestheex-
pertientalcorrelationsbetweenmmnentumthiclmessanddiffusionratio
reportedpreviously.

Inasmuchasthevariationofwakemomentwthicknesswithdiffusion
ratiois shownto dependon themsgnitudeof thefrictioncoefficient
andthetypeofboundary-layerflow,an insightisgainedintothequal-
itativeeffectsof suchfactorsaablade-chordReynoldsnumber,surface
roughness,transitionlocation,andextentoflocsllaminarsep=ation.
Illustrativecalculationsshowthata widersageof valuesof allowable
diffusionratio(valueabovewhichthewskethicknessbecomesexcessive)
canbe obtainedfordifferentboundary-layerhistories.Theseresults
indicatethatbladesshouldbe designedforlowfrictioncoefficient
(highReynoldsnumberandlowrelativesurfaceroughness)smdminimum
laminarflow(highReynoldsnumberandhighfree-stresmturbulence) if
maximumsllowablevsluesof suction-surfacediffusionratioaredesired.

INTRODUCTION

Theaerodynamicperformanceof compressorcascadebladesislargely
determinedby thegrowthsndseparationoftheboundaqylayerson the
bladesurfaces. In general,thesurfaceboundary-lsyerdevelopmentis a
functionofmanyfactorssuchasthesurfacevelocitydistribution,the
localskin-frictioncoefficient,andthelocationamdnatureofthetran-
sitionfromlsminarto turbulentboundary-layerflow. Theselatterfac-
torsaregenerallyrelatedto thedesignparametersofblade-chordReyn-
oldsnumber,free-streamturbulencelevel,andbladesurfacefinish.
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In cascadedesignpractice,smaccuratepredictionofthedevelop-
mentofbladesurfacebounda~layersisnotcurrentlypossiblebecause .
of themanyfactorsinvolvedinexactboundary-layertheory.

—
However,

ithasbeenpossiblethroughansl.ysisof expertientaldatato gainan
insightintothegrossor first-orderbehaviorofturbulentbladebound- _. .
arylsyersinsofarastheprincipalinfluencingpsmmetersareconcerned
(refs.lto 4}. Reference4,inparticular,presentsanexperimental
correlationbetweenthemomentumthicknessof thebladewake(asformed
fromthesurfaceboundazylayers)andtheratioofmsximumsuction-
surfacevelocitytooutletvelocityfora widerangeof conventionaltwo-
dimensional-cascadebladeconfigurationsat a Reynoldsnumberof about

&m
2xlo5. Itwasthusestablishedforthesecasesthattheprincfpalde-
terminantofthebladewakeandthereforeofthecascadetotal-pressure
loss(ref.5) istheover-allsuction-surfacevelocityratioVm=,s/V2.

Theexperhentalcorrelationsof reference4 undoubtedlyindicate
somebasicrelationbetweenwskethicknessandsurfacevelocityratio
(calledthediffusionratio)thatcanpresmnablybe explcdnedfroma con-
siderationofboundary-layertheory.It seemeddesirable,therefore,to
determinewhethertheformoftheempiricalcorrelationscouldbe reason- .
ablydeducedand,furthermore,whetherthecorrelationscanbe utilized
to establishmoregeneralanalyticalrelationsforblade-wskethickness
thatwouldcontainsomeoftheotherfactorsaffectingtheboundarylayer. -
Thus,a meanswouldbe obtainedforextrapolatingtheexperimentalre-
sultsto showgrosseffectsandtrendsofvariationsof otherpertinent
parametersinfluencingthebladeboundary-layergrowth.

Thepresentreportpresentsthederivationof a simpleequationfor
blade-wakemomentumthicknessas a functionof suction-surfacediffusion
ratiobasedontheone-&bnensionsl.bounm-lsyer momentumequationin
conjunctionwithsimplifyingapproximations.Withtheuseof empirically
derivedconstmts,theequationis shownto satisfactorilydescribethe
previouslyobtainedexperimentalcorrelations.Calculationsarethen
madefromthederivedequationto indicatethecomparativeeffectson the
limitiwdiffusionratioof suchfactorsasblade-chordReynoldsnumber,
surfaceroughness,andlocationoftransitionfrom
flow. Theresultsareutilizedfordiscussionsof
sioncorrelationsof reference4 andgenerablade

SDWOLS

CD dragcoefficient

Cf totalskin-frictioncoefficient

lsninar-toturbul.ent-
theempiricaldiffu-
designconsiderations.

— ‘6—
c; totalskin-frictioncoefficientforflat-plateflow(basedon

chord-lengthReynoldsnumber) .
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totalskin-frictioncoefficientforfl&-plateflow(basedon
transition-distanceReynoldsnwber)

chordlength

localskin-frictioncoefficient

designliftcoefficientused.indesignationofTWCA8!5-series
blades

averagingfactorformomentum-thicknessvariationinmomentum-
thicknessequation

formfactorofwdceorboundsryl~er (5*/e)

factorinmomentmn-thicknessequation

factorinmomentum-thicknessequation

lengthof flowsurface

totalpressure

staticpressure

blade-chordReynoldsnumber

bladespacing

free-stresmvelocity

localvelocityinwske

distancealongoutlet-flowdirectionor slongflowsurface

angleof attack,amglebetweeninletairdirectionandbladechord

airangle,anglebetweenairflowandaxialtirection

changein quantity

airturningangle(PI- ~2)

thiclmessofwakeorboundarylayer

displacementthicknessofwakeorboundarylayer

factorinmomentum-thicknessequation
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e momentum

a solidity

Subscripts:
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lsminar

thicknessofwakeor boundarylayer

(chord/spacing)
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lsminarseparation

maximum

normalto outletdirection

pressuresurface

suctionsurface

turbulent

trailingedge

transition

outletflowtirectionor directionalongflowsurface

normalto axialdirection

cascade-inletstation

cascade-outletmeasuringstation ,,

“

—

Superscript:
—

averagevalueof qpantity

AIUIJYSIS

Theobjectiveoftheanalysisisto establishananalyticalrelation
betweenthewakemomentumthicknessof a cascade,expressedastheratio
(e/c)~, andthebladesuction-surfacedAffusionratiodefined~ ~hera-
tioofmaximumsuction-surfacefree-stresmvelocitytooutletfree-stream

max,s/v2”velocityV Accordingtotheexperimentalcorrelationsof ref-
erence4 (asshowninfig.11),thewakenmmentumthicknessshould w

%?hediffusionratioVm=,s/V2 infigure1 isbasedon
valueof V2 thaninreference4,as discussedon page10.

a moreexact -.
—
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increaseina essentially
ratiofortheconditionof

exponential.manner
minimum-lossangle

withincreasingdiffusion
of attack.

A relationbetween(0/c)2and VE,~/V2 is derivedfromsimpli-
fyingapproximationsintheintegrationoftheboundary-layermomentum
eqmtion. Thedevelopmentassumesincompressibletwo-dimensional-cascade
flowandconsidersthatthebladepeaksuction-surfacevelocityoccurs
closeto theleadingedgeandthattheboundarylayerofthesuctionsur-
facecontributesthemajorportionofthewake. Theselatterconditions
aregenerallyobservedforconventionalbladesectionsintherangeof
operationfromminimwnlosstopositive(highangleof attack)stall
(ref.4). As in reference4,thesxmlysisappliesonlytobladeperform-
saceinthisrangefromminimumlosstopositiveanglestall.Sketches
ofthewakedevelopment,velocityv=iations~saddefinitionsofwake
propertiesaregiveninfigures2 and3.

DevelopmentofEquations

Basicrelations.- In theplaneofthebladetrailingedge,themo-
mentumthicknessofthewakecanbe expressedasthesumof theboundary-
layermomentumthicknessesofthepressureandsuctionsurfacesatthe
trailingedge.2 Theoretically,thegrowthof theboundary-layermomentum
thickness0 on a bladesurfacecanbe describedby thevonK&mfi mo-
mentumequationas a functionofthelocalskin-frictioncoefficientcf
smdthevelocitygradientslongthesurfacedV/dx as

de Cf
—=— -
*2

where V isthelocalfree-stream
and H istheboundary-lsyerform
of a sm”faceboundarylayeratthe
grationof equation(1)to give

‘te

(1)

Velocity
factor.
trailing

outsidetheboundarylayer
Thus,themomentunthickness
edgeisobtainedfrominte-

(2)

‘Ifit isassmnedthata “deadair”regionisformedimmediatelybe-
hindthetrailing-edgethickness(asassmedinrefs.5 and6),thenthe

J trailing-edgethicknesscanhaveno effectonthewakemomentumthickness
atthetrailingedgesincenomassflowis csz’riedinthisregion.

.
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Theintegrationinequation(2)canbe conductedby
simplicitythatthemaximumfree-stresmsurfacevelocity
at thelead3ngedgeandthata meanvalueof (HS+
sothat

()e Cf ()v= ~ + j loge
msx—
~

where

J

Cf istheconventionaltotal

= (H+ 2)(e/c)

NACATN 4318
~

assumingfor
v occurs .
max

2)(e/c)~ can be tsken

(3)

skin-frictioncoefficient,3and V+= is

-$u
(4)

thefree-stresmsurfacevelocityatthetrailingedge.Inthee;;uing
analysis,however,sincethereisgenersllylittlechsngeinwakemomen-
tumthicknessandfree-stresmvelocitybetweenbladetrailing-edgeand
measuring-stationlocation(ref.7),trailing-edgevalueswillbe taken _
tobe thoseatthemeasuringstation.Forthecompletewake(bothsur-
faces),themomentumthicknesscanthenbe expressedas b

()e c ()E?=@+js loge+++= +JPL3%V2 ()vmax,s;= (5)
2 V2

Examinationof surfacevelocitydistributionsof conventionalcas-
cadeblades(asIllustratedinfig.4)indicatesthat,asbladecsmber
orbladeangleof attackisincreased,largechsmgesinvelocitygradlent
occuronthebladesuctionsurface,butcomparativelysmallchangesoccur
on thepressuresurface.Furthermore,changesinsurfacefrictioncoef-
ficientswillbe smallcomparedwiththechangesinthesuction-surface
diffusionterm. Thus,changesintotalwakemomentumthicknesswill.re-
sultprimarilyfromthediffusioncontributionofthesuction-surface
boundarylayer..Accordingly,equation(5)willbewrittenas

(-)e ()v= c + j8loge max)s
C2 V2

where

E ()‘~ (Cf,p“f,s~ + jp10ge *

(6)

(7)

.

%t is assumedforsimplicityintheintegrationof the10CSJ.fric-
tiontezminequation(2)thatthebladesurfacelengthiseffectively
equaltothechordlength.

—
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It canbe shownfromcalculationsof severalcommonaveragingpro-. cessesthat,fortherangeofvaluesof H and 9/c normsllyencountered
forconventionalblades,itissufficientlyaccurateto expressj in
equation(4)intermsoftheindividualchordwiseaveragevsluesof H
and e/c suchthat

(8)

Nowtheaveragemomentumthicknessinequation(8)canbe expressedas
somefactortimesthemomentumthicknessatthemeasuringstation,such
that

(9)

where fe is someaveragingfactorthatsatisfiestheeqtiity. Sub-
stitutionfor~)s accordingto equation(9)intoequations(8)and
(6)thengivesforthewakemomentumthickness

where

(10)

(U)

An analyticalequationforthevariationofwakemomentumthickness
withsuction-surfacediffusionratioisthusobtainedintermsof a fac-
tor e,whichisa functionprimarilyof theskin-frictioncoefficients,
anda factorks,whichinvolvessomemeanvsluesof H and 6/c along
thesurface.Itnowremainsto anslyzethe G and ks factorsoverthe
rangeof diffusionencounteredin cascadesinordertoobtainan indica-
tionoftheirmagnitudeandpossiblerelationto Vu,s/V2.

Evaluationof terms.- A directevaluationof thevarioustermsin
equations(7)smd(n) csmnotbemadebecauseofthegeneralabsenceof
expertientaldataforthedevelopmentoftheboundarylsyeralongthe
surfacesof compressorcsscadeblades.However,a preliminaryindication
oftheapproximatemagnitudeofthe e and ks termscanbe obtained
frcmanexaminationof availablelxmndsry-layerdatafromsimilarflow
surfaces.

!l?heoreticslly,thecaseof zerodiffusion(V&#2 = 1) iSrepre-
sentedby a constantvelocityonthebladesurfaces,aswouldbe obtained
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on verythinuncmnberedbladessetat zeroangleof attack.Theboundary-
layerdevelopmentwillthereforebe similartothatoftheflatplate,so
that

E =~c’2 f,p++C;S = c; (12)
9-.

where C; istheconventionaltotalskin-frictioncoefficientforthe
flatplate.A zerodiffusiononbothbladesurfaces,however,cannotbe
attainedwithconventionalbladesofthicknessesoftheorderof10per-
cent,sincesomevariationinvelocitywill.alwwsoccurononeorboth
of thesurfaces.Thelowestsuction-surfacediffusionratioattained
forthebladesof reference4 atminhmm-lossangleof attack,forex-
ample,wasabout--l.l8(fig.1). At lowdiffusionratios,therefore,
sincethemaxhnumsurfacevelocitiesaregreaterthantheinletvelocity
(effectiveReynoldsnumberisconsequentlyhigher)andsincenegative
velocitygradientssrepresent,thetotalskin-frictioncoefficientfor
thebladeisexpectedtobe somewhatlower-thantheconventionalflat-
platevaluebasedon inl.et-velocityReynoldsnumbercl (refs.8 and9).

As suction-surfacediffusionisincreased,thecascadedatashow
thatthenegativevelocitygradientson thesuctionsurfaceincrease
markedly,whilethenegativevelocitygradientson thepressuresurface
generallydecreaseby a comparativelysmall-unt. A furthernetre-
ductionintotalfrictioncoefficientisthereforelikelyas diffusion
ratiois increasedto theseparationvalue.

Thethirdterminthe e factorinvolvingthepressure-surfacedif-
fusionratio(eq.(8))willalsogenerallytendto decreaseslightlywith
increasingsuction-surfscediffusionratio.Theresultingchangeinthe
valueof e,however,isexpectedtobe quitesmall,sincethevalues of
pressure-surfacediffusionratioinvolvedareclosetounity.Thus,on
thebastsoftheseconsiderations,thevalueof e is expectedtobe
generallysomewhatsmsllerthanthetotalflat-platefrictioncoefficient
andtotendtodecreaseslightlywithincreasingsuction-surfacediffu-
sionratio.

Themajorityoftheexperimentalcompressor-bladecascadedatacon-
sideredinthediffusioncorrelationsof reference4 wasobtainedfor
blade-chordReynoldsnumbersbetween2.0)CL05and2.5xI-05.Forthisrange
of Ret,theflat-platefrictioncoefficientCl isabout0.CX380for
turbulentflowsndabout0.CX328forlaminarflow(fig.5). ‘I’hefactor
e inthemomentum-thicknessequationshouldthereforehavea vsluesome-
wherebetweentheselimits.

In evaluatingthemagnitudeof the ks terminequation(I-1),re-
coursewasmadeto datafromisolatedairfoilsections.Experimental

.

.
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variationsofboundary-layermomentmnthicknessandformfactorinpre-. dominantlyturbulentboundarylayersareshowninfigure6 fortheflat
plate(constantfree-stresmvelocity)sndfortheuppersurfaceof sev-
erslisolatedairfoilswhereflowseparationhasoccurrednearthetrail-
ingedge.Theflat-platedatarepresentthelowerlimitingcaseof cas-
cadeflowwithzerosurfacetiffusion(VW~V2 = 1),andtheisolated
airfoildataarerepresentativeof thecaseof a generaldiffusion
(V_/V2 > 1) commencingneartheleadingedgesndresultinginboundary-
layerseparation.Thelength2 fortheisolatedairfoilsisthedis-
tsmcealongthechordto theindicatedpointof separation.

Althoughthe_specificaveragingprocessesreqtiredtomskethevsl-
uesof f6 and H~ inequation(n) satisfyequations(8)and(9)are
notknown;itwill-be
ten.uscanbe obtained
valuesof fe and E

and

Valuesof ~ and f8
esshflowsurfacefor

assmedforsimplicitythatthemagnitudeofthese
fromtheexpinimentaldataby consideringthemean
as

ii= J H d(x/Z)
o

J1

fe=
e(x;)=l

d(x/2)
o

(13)

(14)

givenby eqmttons(13)and(14)werecomputedfor
thedataof figure6. Forzerodiffusion,fromthe

flat-platedataof figure6,E = 1.3=~d fe= 0.57. (Forthe-classical
flat-plateboundary-layertheorywith e ax4/5,fe= 0.556.) Thus,with
essentiallysymmetricalboundarylayersonbothsurfaces,(8s/~)2= 0.5,
andthefactorks (fromeq.(Il.))willbe about0.95forthecaseof
zerodiffusion.

Forthecaseof diffusionresultingin separation,an essentially
constantvslueof fe= 0.33 wascomputedforall.drfoils,whilean
averagevslueof as = 1.60 wasobtained.If similarvsluesof Es
and fe occurforcascadeblades(asismostM&Sly,sincethesuction-
surfacevelocitydistributionsof isolatedandcascadeairfoilssregen-
ersXlysimilar),then,since(es/e)2isapproximately0.90to 0.95for
thestaJJedcondition,ks valuesof approximately1.07to 1.13maybe
obtained.Thus,itappearsreasonableto conjecturethat ks tighttend
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to increasesomewhatwith V=, ~/V2 orpossiblybe essentisJlycon- b
stantat a vshe oftheorderofunityforconventionalcascadeblades
withturbulentboundarylayers. -

ComparisonwithExperiment

Theexperimentalvariationofwakemcnnentumthickness(e/c)2with
measuredsuction-surfacediffusionratioVma,s/V2 fora conventional
cascadebladeoverwiderangesofcsmber,solidity,ad airinletangle
(determinedfromdataof ref.4)isrepeatedinfigure7 forthecon-
ditionofminimum-losssingleofattack(asdefinedinref.4). Thedif-

mmjs/V2 infigure7 (andinfig.1),however,isbasedfusionratioV
on a moreexactvalueof V2 thaninreference4 andisgivenby(from
eqs.(1)and(2)Inref.4)

vmax,s vmsx,s
– ~-(:)2 co:P2] ’15)

‘1 ‘msx,scOs-P2
V2 = VI ~= vl Cospl

mu,Jv~, PI, 132,ad w+where V areobtainedfromthemeasuredblade
performanceandsurfacevelocitydistributions.As inreference4,the
valuesof (0/c)2infigure7 aretakenfromfairedcurvesof (e/c)2
againstangleof attackinanattemptto eliminatesomeof theobvious
incressesinmomentumthicbessduetolocsllsminsxseparations.The
datathustendto approachthevariationfora predominantlyturbulent
flowwithoutlsminarseparationbubbles.

As shownby thedashedcurveinfigure7,ananalyticalcurveof
(e/c)2 ~ainst ‘ma,s/V2 givenby equation(10)canbe obtainedto
producea reasonablerepresentationoftheexpertientsldataonthebasis
of constantvaluesof e = 0.004 and ks= 1.17.Apparently,forthese
data,thespeculatedreductionin e with Vma,s/V2 isnotsignificant,
orperhapsthereisa compensatingeffectbetweena decreasingG andan
increasingks.

Sincetheboundary-lsyerflowforthebladesoffigure7 ispredomin-
antly turbulent,theflat-platefrictioncoefficientattheReynolds
numberof thedatashouldbe somewhatlessthan0.036.Theexperimentally
determinedvslueof e = 0.004 thereforeappearsreasonablesince,ac-
cordingto thepreviousconsiderations,it shouldbe smallerthanthe
flat-platefrictioncoefficient.It isalsonotedthatthevalueof
ks = 1.17obtainedfromthedataof figure7 is somewhatlargerthanthe
valuesdeducedpreviouslyforthepredominantlyturbulentboundarylayer.

—

w

.-

—

b

.
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However,thehighervalueof’k~ forthecascade,comparedwiththepre-
.

viousisolatedairfoilcase,mayreasonablybe dueto a higheraverage
valueof 116becauseofthelowerReynoldsnumbersandexistenceoflo-
callsminarseparationsinthecascades.

.

On thebasisof theseresults,it isbelievedthattheuseofthe
flat-platefrictioncoefficientintheevaluationof the e termandthe
useofmeanchordwisevaluesof H and @/c intheevaluationof the
ks termaresufficientlyvslidfortheapplicationof equation(Xl).
Thederivednmmentum-thicknessequationwillthereforebe consideredas
a satisfactoryapproximaterepresenta.tionof thewakethiclmessof con-
ventionalcascadebladesforpurposesof comparativeanslysis.

TheoreticalVariations

Theapproximatenmmentum-thichesseqqa.tionderivedhereincanbe
utilizedto obtainan insighttitothequalitativeeffectsof secondary
factorssuchasReynoldsnumber,surfaceroughness,transitionlocation,
andlocsllmninarseparationonthevariationofwakemomentumthickness
withdiffusionratio.Thisisaccomplishedbyinvestigatingtheeffect
of thesefactorson the ks and e termsinequation(10)forturbulent
andlsminarflow.

Theboundary-layercharacteristicsthatinfluencethemsgnitudeof
the ks terminequation(10)srethechordwisemesmvaluesof formfac-
torandmomentumthickness,whichinturndependon thetypeofboundary
layerpresent.As foundpreviouslyherein,~ maybe about0.95to
1.13forisolatedairfoilswithturbulentbound~-lsyerflowathigh
Reynoldsnmnber(orderof106or greater),andabout1.17fortheconven-
tionalcascadebladesof reference10 ata Reynoldsnmber of abut
2.5%105(predominantlyturbulentflow).

Representativevaluesof ks forthelsminarboundarylayercanbe
obtainedfromthelimitedavailabletheoreticalvariationsof H and 13
shownin figure8 fortheflatplateandfora linearlydecreasingveloc-
~tywithseparationatthetrailingedge.Forzerodiffusion(flat@ate),
H = 2.61snd fe= 0.66to give ks= 1.52. Forthecaseof diffusionat
separation(linearlydecreasingvelocity),~ = 2.88and fe= ().~,which
gives,with es/e2= 0.90to 0.95,a ks valueof about2.75.Theuseof
a constantvslueof ks inequation(10)overthediffusionrangethere-

4 foremaynotbe representativeof therealmoment~-thicknessdevelopment
inlsminarflow.However,asexpected,valuesof ks forlsminarflow

. aresubstantiallylargerthanthoseforturbulentflow.
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Calculatedvariationsof (13/c)z with Vmu,s/V2 forseveralvsl-
uesof ks representativeof conventionalcascadeflowwithpredomi-
nantlyturbulentboundarylayers(e= 0.004)andwithlsminarboundary
layers(e= 0.0027,correspondingto C; at Rec= 2.5%105)areshown
infigure9. Accordingtoequation(10),a limitingvalueof Vmm,s/V2
isreachedforeachvalueof ks when(0/c)2approachesinfinity.The
prtietiportanceofthenatureof thesurf=eboundarylayerin deter-
miningtheallowablediffusionratioisthusclesrlyindicated.

As indicatedby thederivedequation(eq.(10)),anyincreaseinthe
vslueof c willbe directlyreflectedas = increaseinthemagnitude
ofthemomentumthickness.Thisis illustratedby thecalculatedvaria-
tionof (6/c)2withdiffusionratioforseveral.valuesof 6 shownin
figure10 fora valueof ks representativeofpredominantlyturbulent
flow.Accordingtothefoundationof eqwtion(n), thevariationof
E at constantks affectsonlytherateatwhichthelimitingdiffu-
sionratio(valueatwhich(~/c)2 + ~) is ww-ched. In a realflow,
however,itislikelythat ks mayalsovaryas e is varied,sincethe
factorsthatdeterminethemagnitudeof e mayalsohaveaneffecton
thechordwiseIi and 19variations.

Sincethevelueof e is approximatelyequalto or atleastpropor-
tionaltotheflat-platefrictioncoefficientc;,E will.be a direct
functionoftheblade-chordReynoldsnumbedandthesurfaceroughnessof
theblade,valuesofwhichcanbe obtained,forexample,fromfigure5
andfromreferencel.1(ch.XXI). Forthecaseofpartlylaminarand
partlyturbulentflow,thefrictioncoefficientcm be calculatedas
(ref.11,p. 434)

(16)

where(x/c)tristheextentofthelsminarregion,c~,tb is the turbu-
lenttotalfrictioncoe~icientbasedon thechord-lengthReynoldsnum-
ber,end C: ~m and Cf tb arethelsminarandturbulenttotalfriction

coefficients;respectiv~y,basedontheReynoldsnumberat (x/c)tr.

Inordertoobtainan equationinwhichall.frictioncoefficients
arebasedonblade-chordReynoldsnu?iber}useismadeof thegeneralre-
lations

1.328c;lmx=—
~Kx

(17)
)?

.
—

-—

s

.-
.

.-

b

.
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and,forsimplicity(ref.n),
.

togive

and

Substitutionin
turbulentflow,

*

.

c; tbx= 0“074>> r5 Re,x

c* C;,Zm “-
f,lm= x

F c tr

* %,tb
Cf,tb=

~m”
5X

c tr

equation(16)thenyields,for

13

(18)

(19)

(20)

partlylaminarandpartly

(Zl)

‘hereC+’,tb ‘d cl,Zm areobtainedfromfigure5 fortheblade-chord
Reynoldsnumberin question.Althoughtheproperrelationbetweene

f cannotbe accuratelydeteminedfromthecorrelationof figureand C’
7,forpracticalpurposes,valuesbetw’eenc = 0.8C+ and ~ = C; ap-
peartobe satisfactory.

In viewof theseconsiderations,it is apparentthatthelocation
ofthetransitionfromlsminartoturbulentboundary-layerflow,andin
particulartherelationbetweentransitionandlsminar-separationloca-
tion,mayexerta considerableinfluenceon theterminalvalueof the
mmentumthicknessof conventionalcascadeblades.An indicationof the
possiblevariationin ks with e withvaryingtransitionlocationwas
obtainedfromconsiderationofhypotheticalform-factorprofilesrepre-
sentativeof flowwithlocallsminarseparation(tr-itionoccursafter
separationofthelaminsrboundarylayer).Figure11 showshighlyideaJ.-
izedvariationof Hs withchord-lengthdistance&Longthesurfacefor

variouslocationsoflsminsrseparationandturbulentreattachment.In
thefigure,laminarseparationis shownto occuratthe0, 0.2,and0.4

* chordpointsfollowedby a turbtientreattachmenteitherimmediately
((h/c)zs= O, solidline)or after0.1chordlength((&/c)Zs= 0.1,
dashedline).Turbulentseparationisasswed& occuratthetrailing

. edge,as islikelyfora heavilyloadedblade.
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Averagevaluesof formfactor~~ weredeterminedby integration
foreachcurveinfigure11,andcorrespondingvaluesof fe weredeter- .

minedfromthesimplifyingassumptionthat .-

(22)

where ‘0,2m istakenas0.61~d. fe,tb iS 0.33. Valuesof k~ were &
thendeterminedfor.eachtransitionlocationaccordingti equation(I-1-) 01
by assuming0s/e2= 0.90.Valuesof flat-platefrictioncoefficient
c; foreachcaseweredeterminedfromequation(21)for Rec= 2.5XL05. _

Theresultsofthecalculationsfor ks and C; fortheillustrative
casesof figureXl arelistedinthefollowingtable: —

(x/c)~s (Lw+s % fe % c;
o 0 1.58 0.33 1.06 0.0059

.1 1.80 .36 1.23 .0058 r

0.2 0 1.88 0.39 1.36 o.–m55
.-

.1 2.10 .41 1.51 .0051 .

0.4 0 2.19 0.44 1.66 0.0047
.1 2.41 .47 1.86 .0044

Calculatedvariationsof (e/c)2 Mth vm=,s/v2 forthet~sition
configurationsof figure11,assumingthecalculatedvaluesof ks and
c tobe constantovertheentirerangeof V-,s/V2 (Msuming~ = c~)~
areshowriinfigure12 forillustrativep~oses. (Inanactuslflow,
of course,itisrecognizedthat k and c mightnotbe constant,since
transitionandseparationcharacteristicswillvarywiththediffusion”
ratio.) Thus,itis seenthata widerangeof valuesofmomentumthick-
nessandlimitingdiffusionratiomsytheoreticallybe obtainedfora

—

givencascadeif,differenttransitionlocationsanddifferentbehaviors
of thesurfaceboundarylsyerinthetransitionregionoccux.Theselat-
terfactors,inturn,aredependenton theblade-chordReynoldsnumber,
thefree-strewnturbulencelevel,andthesurfaceroughness.

DISCUSSION

Theprecedingresults,basedon thederived~mentum-thic~essequa- .
tion,mayfindapplicationintheinterpretationof experhnentslresults
andintheestablishmentof designconsiderationsforcompressoror cas-
cadeblades.Forexsmple,theexperimentalvariationof (e/c)2with .
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-, ~/V2 foranglesof attackgreaterthanminhmv lossforthevar-.
iouscascadegeometriesofreference10,as shownin figure13,exhibits

-,s/V2 greaterthanabout1.9. Inas-a widespreadof thedatafor V
muchasthesecascadedatawereobtainedat valuesofReynoldsnumber
andfree-streamturbulenceforwhichlocallsminarse~arationswerepres-
ent(ref.10),itis reasonableto conjecturethatthedataspreadat
highvaluesof diffusionratiomaybe due,to someextent,to theef-
fectsofvariationsinthenatureendlocationof theseseparations(as
illustratedinfig.12). Indicatedvskzesof stsllingdiffusionratio
(vslueabovewhicha sharpriseinlossispossible)derivedfrome~er-
imentsldata(asinref.4) should,therefore,be carefullyqualifiedfor
theblade-chordReynoldsnmber andturbulencelevelsof thetests.It
isquitelikely,accordingtothepresentresults,thatdifferentstalli-
ng limitsm~ be obtainedfordifferentvsluesof Rec andturbulence.
Theanalysisalsoindfcatesthat,if consistentcascade10sscorrelations
aredesired,testsshouldbe runat aboutthesanevaluesofReynolds
numbersandturbulencelevels.

Forconsiderationof cascadedesign,thederiveddiffusionanalysis
indicatesthatconsiderablevsris.tioncanbe obtainedintheallowable
valueof suction-surfacediffusionratio(valueabovewhich 8/c becomes
excessive),whichinturndependsonthespecificboundary-layerbehavior
of thecascadegeometry.Inorderto obtaina roughindicationofthe
magnitudeof theallowablediffusionratiofora givendesign,thevalues
of G and ks musteitherbe knownor estimated.Althoughtheeffects
ofReynoldsnumberandsurfaceroughnessonthefrictioncoefficient(and
thereforeon e)canbe readilydetermined,it isgenerallynotpossible
to evaluatetheeffectofthesefactorsaswellastheeffectof thetur-
bulenceendsurfacevelocitydistributiononthetransitionbehavior(and
thereforeon ks). Furthermore,inviewof thelimitationsinvolvedin
thederivation,itisnotknownwhetherthederivedequationiscapable
ofgivingaccurateabsolutemagnitudesforth~li@tingdiffusionratio
overa widerangeof cascadeamdflowconfigurations.

It isrecognizedthatthederivedequation(eq.(10))representsan
overstiplificationofthetrueboundary-layerdevelopmenton cascadeblade
surfacesandcontainsmanyapproximations.Theprincipalreservationlies
intheuseofmesnvaluesof H aud 8 inwe integrationof themomen-
tumequationandinthevelidityof thevonKarm&neqmtionin regionsof
separationwherethenomel pressuregradientsandturbulentstressesmsy
notbe zero.At themoment,therefore,theprima~utilityof thediffu-
sionanalysisfordesignisinprovidingqualitativeconsiderationsand
indicationsof relativeeffects.

Accordingtotheprecedinganalysis,fora givenapplicationincas-
cadedesign,theallowablediffusionratiocanbe increasedby designing
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thebladeandcascadesoastotendto reducethetotalfrictioncoeffi-
cientandtheextentoflsminarflow.Theseobjectivescanbe accom- “
plishedin severalways: by utilizinga largevalueofblade-chordRe~.
oldsnumberandhighfree-streamturbulencelevel,bymaintainingsmooth
bladesurfaces,andby designingforpeaksurfacevelocitynearthelead- __ .
ingedgesothattheinitialboundarylsyeratthestartofdiffusionis
small.

In axisl-flow-compressordesign,thesituationismorefavorablein
somerespectsthaninthecascade.ForthessmeReynoldsnumbers,the
turbulencelevelsaregenersllygreaterinthecompressorbecauseofthe 5Q1
wakesanddisturbancesofprecedingbladerows. On theotherhand,the
useofhighpeakvelocitiesatthebladeleadingedgemaynotbe consist-
entwithgood.high-lk.ch-numberperformance.ThemaintenanceofhighReyn-
oldsnumberandlowrelativesurfaceroughness,however,shouldlikewise
be effectivein increasingtheallowablediffusionratiosof compressor

..

bladesections.

SUWARYOFRESULTS

A stipleequationrelatingthewakemomentumthicknessandsuction- .
surfacediffusionratio(ratioofmaxbumsurfacevelocitytooutletve-
locity)of conventionallow-speedcascadebladesectionshasbeende-

.

rivedfromboundsry-layertheoryinconjunctionwithseveralsimplifying
approximations.An analyticalrelationisthusobtainedwhichcorre-
spondstotheexperimentalcorrelationsbetyeenwskemomentumthickness
anddiffusionratioreportedpreviously.Comparisonwiththeexpertiental
datashowedthatreasonablevalueswereobtainedforthetwoempirical
factorscontainedintheequation.Thederivedmomentum-thicknessequa-
tionwasthereforeconsideredtobe a satisfactoryapproxtiaterepresen-
tationof thewskedevelopmentof conventionalcascadebladesforpur-
posesof comparativeanalysis.

Inasmuchasthetwoempiricalfactorsderivedinthemomentum-
thicknessequationaredeterminedby thebladefrictioncoefficientand
thetypeofboundary-layerflow,itwaspossibletogainan insightinto
thequalitativeeffectsonthevariationofmomentumthicknesswithdif-
fusionratioof suchfactorsasblade-chordReynoldsnumber,surface
roughness,transitionlocation,andektentof10CSJ.lsminarseparation.
Illustrativecalculationsmadeforrangesofvaluesof frictioncoeffi-
cientandtransitionbehaviorshowedthata widerangeof curvesofmo-
mentumthicknessagainstdiffusionratiocanbe obtainedfordifferent
bountku’y-layerhistories.Theseresultsindicatedthat,formaximumall-
owablevaluesof suction-surfacediffusionratio(valuesabovewhich b-

.
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(6/c)~ becomesexcessive),bladesshouldbe designedforlowfriction
. coefficient(highReynoldsnumberandlowrelativesurfaceroughness)

andminimumlsminarflow(highReynoldsnumberandhighfree-stresm
turbulence).
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